Computational techniques and tools have been developed to understand hydrogen embrittlement and hydrogen induced intergranular cracking based on grain boundary (GB) engineering with the help of computational materials engineering. This study can help to optimize GB misorientation configurations by identifying the cases that would improve the material properties increasing resistance to hydrogen embrittlement. In order to understand and optimize, it is important to understand the influence of misorientation angle on the atomic clustered hydrogen distribution under the impact of dilatational stress distributions. In this study, a number of bi-crystal models with tilt grain boundary (TGB) misorientation angles (θ) ranging between 0°≤ θ ≤ 90° were developed, with rotation performed about the [001] axis, using numerical microstructural finite element analysis. Subsequently, local stress and strain concentrations generated along the TGB (due to the difference in individual neighbouring crystals elastic anisotropy response as functions of misorientation angles) were evaluated when bi-crystals were subjected to overall uniform applied traction. Finally, the hydrogen distribution and segregations as a function of misorientation angles were studied. In real nickel, as opposed to the numerical model, geometrically necessary dislocations are generated due to GB misorientation. The generated dislocation motion along TGBs in response to dilatational mismatch varies depending on the misorientation angles. These generated dislocation motions affect the stress, strain and hydrogen distribution. Hydrogen segregates along these dislocations acting as traps and since the dislocation distribution varies depending on misorientation angles the hydrogen traps are also influenced by misorientation angles. From the results of numerical modelling it has been observed that the local stress, strain and hydrogen distributions are inhomogeneous, affected by the misorientation angles, orientations of neighbouring crystal and boundary conditions. In real material, as opposed to the numerical model, the clustered atomic hydrogens are segregated in traps near to the TGB due to the influence of dislocations developed under the effects of applied mechanical stress. The numerical model predicts maximum hydrogen concentrations are accumulated on the TGB with misorientation angles ranging between 15°<θ<45°. This investigation reinforces the importance of GB engineering for designing and optimizing these materials to decrease hydrogen segregation arising from TGB misorientation angles.
Introduction
Crystallographic interfaces and micro-textures such as GB misorientation are characterized by specific arrangements of their atoms. They play a prominent role in aerospace components which are typically made of high strength, high toughness, and corrosion resistant as well as high temperature metallic materials such as nickel, titanium and nickel-based super alloys. Nickel and nickel-based super alloys are made up of complex microstructures and have been used in aerospace applications for many years. Several catastrophic failures have occurred in nickel and nickel-based super alloys in aerospace components due to environmental cracking, hydrogen stress cracking and hydrogen embrittlement [1] [2] [3] [4] 53] . Hydrogen embrittlement is a costly problem in which structural degradation of the susceptible material leads to catastrophic failure. Atomic impurities in structural materials may occur any time during its life time, during fabrication in a manufacturing process or during operational use under service environmental conditions. It is not only a problem in the aerospace industries but also in many other sectors such as automotive, civil and construction, semiconductor, offshore, ship, oil and gas, nuclear power and renewable energy including wind energy, fuel cells and hydrogen energy. The susceptibility of structural materials to hydrogen embrittlement depends on many factors including hydrogen atom-microstructural interactions [1, 3, [11] [12] , microstructural intergranular engineering [6] [7] [8] and texture morphological behaviour [8] [9] [10] . By understanding and controlling some of these factors the susceptibility of materials can be reduced [12] [13] [14] [15] [16] . Even though there is a considerable amount of information available regarding the relationship between crystallographic micro-textures of materials such as TGB misorientation angles and hydrogen induced stress cracking [7, [17] [18] , there has not been enough research done implementing this information into computational tools in order to understand material design and material design optimization based on GB engineering using finite element analysis (FEA). It is important to understand both the GB engineering and the relationship between misorientation angle and chemical and mechanical material degradation and properties at the design stage to develop new materials and to optimize existing materials to improve efficiency and increase the resistance of materials to hydrogen induced intergranular cracking, ideally implementing this approach into industrially applicable simulations.
The presence of GBs, interphase boundaries and the segregation of impurities are affected by GB misorientation significantly affects chemical, and mechanical properties as well as fracture processes such as crack nucleation and crack propagation in textured polycrystalline metallic materials [5] [6] [7] [8] [9] [10] . It is already known that high densities of GBs (i.e. grain size), the type of GBs and GB misorientations with specific angles are important and could be optimized to increase properties such as strength, ductility and fracture toughness of textured polycrystalline metallic materials. On the other hand, GBs and GB misorientation can also be potential sites for segregation of impurities, cracks, fractures and their behaviour is responsible for GB embrittlement depending on the characteristics of the GBs misorientations within them [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . It has been recently found that low angle grain boundaries and low Σ coincidence boundaries or coincidence site lattices (CSL) are immune to intergranular fractures that lead to intergranular cracking and intergranular embrittlement [9] [10] . On the other hand high angle boundaries are preferential sites for fractures leading to crack nucleation and propagation [9] [10] [12] [13] . Watanabe introduced the concept of 'grain boundary design and control' suggesting that GB misorientation and grain boundary character distribution (GBCD) are key microstructural parameters controlling the fracture toughness of polycrystalline metallic material [6] [7] [8] [9] [10] [11] [12] . Palumbo developed this concept as grain boundary engineering (GBE) and improved intergranular susceptibility by implementing GBE in nickel-based super alloys [21, [11] [12] [13] [14] [15] [16] . The GB misorientation and the distributions of GB misorientation angles are important parameters controlling the propensity of segregation of impurities and stress induced hydrogen fractures that can lead to catastrophic GB embrittlement failure of textured polycrystalline metallic materials. It is well known from the literature that texture and GB misorientation play important role in the impurities induced cracking [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Therefore, it would be of interest to implement GB misorientation in finite element modelling and develop a procedure to quantify the effect of GB misorientation and crystallographic texture on the stress induced mass diffusion of impurities in polycrystalline textured nickel developed for aerospace applications.
Most existing studies of the effect of environmental impurities (i.e. sulphur, hydrogen, oxygen, boron etc.) on embrittlement and cracking mechanisms in polycrystalline structural materials are based on global, macro mechanical properties. However microstructural inhomogeneity and micro-texture can result in micro-cracks and dislocation formation which may lead to macroscopic environmental failures of polycrystalline materials [1] [2] [3] [4] . Since a polycrystalline material is an aggregate of crystal grains of various sizes and shapes, its macroscopic properties are affected by the properties of individual grains. Each individual crystal in polycrystalline nickel may exhibit elastic anisotropy due to its crystal symmetric characteristics. The elastic deformation of single crystals may exhibit anisotropy depending on the orientation of the crystal.
The presence of microstructural inhomogeneity, morphological and crystallographic textures will certainly affect the correlation between experimental observation and prediction based on an assumed homogeneous deformation [22] [23] [24] [25] [26] . So with a better understanding of microstructurally local behaviour of high performance polycrystalline materials, the embrittlement problem may be reduced or perhaps solved by expanding the concept of microstructural local behaviour of polycrystalline engineering structural materials into design and analysis.
The local microstructural multi-physics stress induced hydrogen behaviours of the materials are strongly affected by the GB misorientation angles. The macroscopic environmental embrittlement cracking behaviour of materials is associated with local dislocation, stresses generated at the interface between crystals due to the GB misorientation angles and the accumulation, and segregation of hydrogen to these dislocations. Segregation of hydrogen has been experimentally observed at GBs in bi-crystal, and polycrystalline nickel and an increase in the amount of segregated hydrogen increases the possibility of intergranular hydrogen embrittlement where the fracture mode is observed along the intergranular region [3, [27] [28] . It has also been observed that GB misorientation angle affects the GB diffusion of hydrogen in a material [29] [30] . Thus, it is important to understand the relationship between GB misorientation angle and hydrogen segregation in nickel. The GB misorientation angle that allows the highest segregation of hydrogen along the GBs plays a key role in determining the structural integrity of nickel when considering intergranular hydrogen embrittlement.
The geometric distribution of grains shapes, size, grain boundary length and statistical distributions of GB misorientation angles of the metallic materials can be acquired experimentally using the electron back scattering diffraction (EBSD) technique and X-ray diffraction [31] [32] [33] . The Voronoi tessellation technique is a well-established approximation technique used to model the actual microstructure of bi-crystal polycrystalline materials and GB misorientation. The angle of rotation between different crystals can be assigned directly onto a meso-scale microstructural framework consisting of a Voronoi tessellation [33] [34] .
The advantage of FEA simulation of bi-crystal and polycrystalline materials is that GB misorientation angles, crystallographic morphology and textures such as grain size and shape of the grains can be defined as needed. The meso-scale microstructural polycrystalline model can be embedded into a macro scale continuum model [35] [36] [37] [38] . Thus it may be possible to computationally study the relation between GB misorientation angles and stress/strain distribution and hydrogen embrittlement using FEA. If the FEA is performed before processing specimens for a real bi-crystal and polycrystalline, characteristics of localized stress, strain, hydrogen distribution in mesostructure can be predicted.
In the mechanical stress analysis of bi-crystal and polycrystalline aggregates, the local microstructural elastic deformation behaviour of individual FCC single crystal structures will generally be anisotropic and exhibits orthotropic behaviour in nature [39] [40] [41] [42] . Previous research by den Toonder et al [40] concluded that using the average isotropic elastic properties is incorrect for cubic bi-crystal and polycrystalline aggregate microstructures. FCC crystals are mechanically anisotropic due to the orientation dependence of the activation of the crystallographic deformation mechanism, and with other mechanical phenomena such as strength, shape change and crystallographic texture (orientation distribution) etc. [41, 43] .
In the present study, the main interest is to investigate the influence of TGB misorientation angles on stress, strain and hydrogen distribution and segregation in nickel. In order to understand low resistance as well as high resistance to environmental hydrogen fractures and hydrogen embrittlement in nickel at design stage, it is important to understand the influence of misorientation angle on hydrogen distribution.
A finite element multi-physics meso-scale bi-crystal model has been developed for nickel that includes the effect of TGB misorientation angles. Continuum level stress induced solid state atomic hydrogen diffusion analyses of bi-crystal nickel have been performed for various misorientation angles (θ) ranging between 0°≤ θ ≤ 90° with rotation performed about the
[001] axis, subjected to mechanical tension along the [010] direction. In these analyses the coupling of TGB misorientation angles, hydrostatic stress field and solid state atomic hydrogen diffusion was considered. The effect of various TGB misorientation angles on the mechanical stress distribution using stress analysis was examined. Transient hydrogen diffusion analysis coupled with the mechanical stress analysis of the bi-crystal nickel was performed for the chosen misorientation angles.
Computational methods:
2.1 A mathematical description of stress induced hydrogen diffusion:
The hydrogen flux vector J consists of a combination of hydrogen generated by the hydrogen concentration gradient J c and by the hydrostatic stress gradient J h in the heterogeneous microstructural material. The hydrogen flux vector generated by the hydrogen concentration gradient is based on Fick's first law of diffusion by using the thermodynamic formulation based on the Gibbs free enthalpy. The hydrogen flux vector generated by the hydrostatic stress gradient is based on a modified Fick's first law by taking into account the stress field where the concentration of hydrogen is C, ideal gas constant R equal to 8.314
Nm/mol K, partial molar volume of hydrogen V h (2000 mm 3 /mol) [54] , gradient operator , Laplace operator Δ and X represents three dimensions (3D) x,y,z.
Hydrostatic stresses σ h is defined as
Based on the law of matter conservation, the amount of hydrogen is expressed by the continuity equation based on a transient (time dependent) diffusion process without trapping as described by Fick's second law 
The commercial software ABAQUS implements the governing equation for stress driven diffusion as shown in equation (12) .
Where s is solubility, T 0 = 0K and C/s is the normalized hydrogen concentration which is dependent on the hydrostatic stresses as expressed in the equation below.
Where the unstressed state of the normalized concentration under the condition of hydrogenmetal equilibrium is 0 .
A numerical finite element approach for stress induced hydrogen diffusion:
The standard Galerkin process of the element shape functions N j (r) were used to approximate the distribution of stresses as shown in the equation (14) .
Where approximate distributions of stresses are ℎ ( ) and element shape functions N j (r)
serve as trial and weight residual functions , j=1,2,3,…,n are the number of nodes of the finite element mesh. In order to apply equation (13) in finite element analysis of stress assisted diffusion, equation (12) is converted to its discrete form given by equation (15) .
Where i=1 (16) , [ ] represents the diffusion matrix given by equations (17), (18) and (19), where ℓ = 1,2,3 and [ ] represents the diffusion flux vector columns given by equation (20) .
Where
, The interpolation matrices are [A] and [B] are given in equations (21) to (24) .
The time integration in transient hydrogen concentration { } utilizes the modified CrankNicholson method is given in equation (25) .
The final equation is given by equation (26).
The macroscopic elastic behaviour of bi-crystal and polycrystalline FCC nickel aggregates is affected by the microscopic properties such as morphological texture, random crystallographic orientations of individual grains [25, [44] [45] [46] [47] . So the current model considers the anisotropic effect in the microstructural polycrystalline model by assigning random crystallographic orientations in each crystal using the FCC nickel single crystal anisotropic elastic constants as shown in equation (30) [41] . The short review of elastic theory below shows the relationship between the macroscopic isotropic behaviour of bi-crystals, polycrystalline aggregates and local microscopic anisotropic behaviour of single crystals.
Where σ is the Cauchy stress tensor, C is the fourth order anisotropic elastic tensor, ε is the strain tensor and u is displacement, ij is direction and kl is plane, i, j, k and l can represent x, y or z axes. 
Hydrogen diffusion without the effect of stress in the FCC single crystal is isotropic with one independent diffusion material property [48] . The lattice hydrogen diffusion properties used in the bi-crystal model is D=3.52×10 -10 cm 2 /s [4] . In the bi-crystal model the hydrogen enters into the material from the left hand side of the bi-crystal specimen and there is no initial hydrogen present in the material. Different hydrogen diffusion co-efficients are required along the grain boundary. A few authors have experimentally observed faster diffusion of hydrogen along the grain boundary when compared to the lattice in FCC nickel material [4, [51] [52] . In this work the specific hydrogen diffusion properties along grain boundaries have been assigned the value Dgb=2.05×10 -8 cm 2 /s (i.e. diffusivity of grain boundary) [4] . A 3D bi-crystal model is used with two cubic single crystals one in the bottom named crystal1 (i.e. fixed crystal) and one at the top named crystal2 (i.e. tilted crystal) with a grain boundary as the interface between them is shown in Fig. 1(a) . Fig. 1(a) illustrates the geometry and boundary conditions of the 3D bi-crystal model of nickel. Fig. 1(b) shows the geometric representation of a TGB in the bi-crystal model. The crystal and grain boundaries are separated by geometrical lines with the "grain boundary affected zone" (GBAZ)
represented by geometrically separated lines either side of the grain boundary lines to enable assignment of specific properties for grain boundaries within this region as shown in Fig. 1 (c). The dimension of GBAZ is assumed to be 5nm (i.e the thickness of GB). In this way the specific diffusion properties of grain boundaries are accounted for. The procedures to develop grain, GBAZ and assign diffusion properties are described by Jothi and co-authors [2] . A uniform tensile load is applied to the bi-crystal model in the y-direction as shown in Fig. 1 
(a).
A mesh convergence study was then performed in ABAQUS to eliminate mesh sensitivity and to ensure the precision of the analysis. The number of elements used was based on the mesh convergence study. A very fine mesh is used in the microstructural meso-scale model to accurately capture gradients of stress and hydrogen concentration in the crystal and grain boundaries. Each crystal was divided into 250000 solid linear elements in the bi-crystal model. The total number of nodes and elements in bi-crystal models of various misorientation of GB are 513525 and 512000 respectively. Fig.1 (c) shows a close-up view of grains and the GBAZ meshing. Anisotropic cubic elasticity was considered for each grain for when modelling the structural elastic response of the nickel by assigning various GB misorientation angles 0°≤ θ ≤ 90°. The analysis consists of a mechanical structural analysis followed by a hydrogen diffusion analysis of both bi-crystal models. Initially, the mechanical responses of the microstructural model with the detailed microstructural local stresses near the grain boundary are captured using the initial mechanical stress analysis. The calculated hydrostatic stresses from the stress analysis are saved as nodal averaged values. During the course of hydrogen diffusion analysis these hydrostatic stresses, which provide the driving force for the hydrogen diffusion, are obtained by reading from a structural analysis results file.
Results and discussions

Effects of TGB misorientation angle on hydrostatic stress in bi-crystal model:
The bi-crystal model comprises crystal1 and crystal2 separated by a GB and GBAZ. The 
Effects of boundary condition and misorientation angle on hydrostatic stress in the bicrystal model:
Figs. generate compressive stresses which may increase the resistance to hydrogen embrittlement as explained by Takakuwa al, [49] who concluded that the compressive stresses may provide resistance to hydrogen embrittlement. The highest normalized hydrostatic tensile stress with a value of 0.9 is found in crystal1 (fixed crystal) for the TGB misorientation angle 30° and the highest normalized hydrostatic compressive stress with a value of -0.3 is found in crystal2
(tilted crystal) for the misorientation angle 60°.
Effects of GB misorientation on normal stress in the bi-crystal model:
Figs 
Effects of GB misorientation on von Mises stress and shear strain distribution in the bicrystal model:
Fig . 5 shows the maximum local normal stress, maximum hydrostatic stress and maximum 
Effects of GB misorientation on hydrogen distribution in the bi-crystal model:
Fig . 7 shows the normalized hydrogen concentration along the normalized path x1 parallel to the traction direction for various TGB misorientation angles. The figure shows higher hydrogen concentration gradients along the TGB. In the numerical model this effect is explained by the fact that i) the elastic constants in the modelled crystals are a function of orientation, ii) these differences directly affect the calculated hydrostatic stresses which iii) directly affect diffusion and the evolution of the hydrogen concentration field. The effect in real material, as opposed to the numerical model, is the same but the explanation would proceed along the following lines, i) the overall uniform applied elastic stress on the bicrystal generates dislocations along TGB due to the dilatational mismatch produced by differences in the mechanical responses arising from the differences in anisotropic elasticity between tilted crystal and fixed crystal ii) the dislocations developed along TGB act as hydrogen trap sites which segregate and accumulate hydrogen concentrations in the form clustered atomic hydrogens along TGB iii) where the amount of dislocation generation is governed by the GB misorientation angle and the variation in the amount of dislocations generated depends on the misorientation angle between the two adjacent crystals.
The hydrogen concentrations are heterogeneously distributed in the bi-crystal nickel model for TGB misorientations 0°<θ<90° due to the change in stress gradients i.e. show the normalized hydrogen concentration along the normalized path near the TGB on crystal1 (i.e. fixed crystal) and crystal2 (tilted crystal) perpendicular to the traction direction for various misorientation angles respectively. Fig. 11 shows the corresponding plot of normalised hydrogen concentration for various GB misorientations.
In a real material the amount of hydrogen traps would increase along the TGB as the tensile stress increases. An increase in dilatational mismatch between crystals increases the tensile stress. The amount of hydrogen traps would correspondingly decrease along a TGB as the compressive stress increases due to a decrease in the dilatational mismatch between crystals.
In the model case 
Conclusion
In this present study a numerical tool was developed to investigate the effects of TGB misorientation angle on stress induced hydrogen distributions in bi-crystal nickel. A computational finite element analyses based on GB engineering was employed. Initially mechanical stress analyses were executed to appraise the dilatational stress distribution, normal stress distribution, and shear strains distributions. Subsequently coupled stressassisted mass diffusion modelling was performed in order to quantify the influence of TGB misorientation angles on the local stress, strain and hydrogen distributions in bi-crystal nickel. Such an approach could aid design and optimization of materials in order to identify the conditions that maximize resistance to hydrogen embrittlement and hydrogen induced intergranular cracking. This approach is not necessarily only applicable to nickel-hydrogen system but could also be used for evaluating environmental cracking and intergranular cracking due to other stress induced atomic impurity diffusion (e.g. boron, oxygen, sulphur 
Tilt Grain Boundary
Fixed Crystal or Crystal1 Tilted Crystal or Crystal2 Fig. 2(c) shows the normalized hydrostatic pressure (σ H /σ 0 ) along the normalized path x3 (y/h) parallel to the traction direction for various misorientation angles in degrees. Fig. 3(a) shows the normalized hydrostatic stress concentration (σ H /σ 0 ) along the normalized path on the GBAZ on the fixed crystal perpendicular to the traction direction for various misorientation angles. 
